In this review we re-visit and discuss the current knowledge on ecophysiology of citrus trees, addressing the influence of environmental conditions on citrus photosynthesis. Knowledge of physiological responses of citrus trees to their surrounding environment is essential in order to improve crop production and plant development, both being consequences of appropriate horticultural management in citrus orchards. In this context, citrus photosynthesis is addressed as the primary source of carbon and energy for plant growth and development. The photosynthetic activity on both a daily and a seasonal scale is reviewed, taking into consideration the physiological aspects related to seasonal variation of photochemical and biochemical activities, stomatal conductance and leaf water potential. These aspects are treated for citrus plants growing in subtropical climates with varying environmental conditions, such as moderate to severe drought during the winter season. In addition, the possible inhibitory/stimulatory effects of carbohydrate metabolism on citrus photosynthesis are discussed with regard to the source-sink relationship. Field experimentation that enhances knowledge concerning citrus ecophysiology in subtropical climates is highlighted. Among interesting subjects to be unraveled by future research, we may point out the effects of low temperatures on citrus photosynthesis and water relations, the nature of the relationship between leaf carbohydrate content and photosynthesis, and the significance of photosynthesis in different canopy layers and positions in relation to the total carbon gain in mature citrus trees.
INTRODUCTION
As a perennial and evergreen crop, citrus trees are subjected to large seasonal variation of environmental conditions throughout the annual cycle. Considering the environmental changes that naturally occur in the Brazilian subtropical climates, we may emphasize two periods: (a) the autumn-winter season with low soil water availability and low temperatures; and (b) the springsummer season with an abundant rainfall, high temperature and high radiation loading (Ribeiro et al., 2005a; 2006a; Machado et al., 2007) . Depending on the growing areas, these environmental conditions could be more or less limiting for citrus growth and development.
Although the physiological response of citrus trees to natural environmental changes is a very interesting subject with regard to improved orchard management (Silva et al., 2005; Ribeiro, 2006) and essential for the advance of our understanding of the developmental patterns of the species, little is known about the ecophysiology of citrus trees grown in the Brazilian subtropical climates. The lack of information on the physiological aspects of field-grown plants is probably due to the high complexity of the interaction of citrus trees with their environment, ranging from soil temperature and root metabolism to the variation in light exposure of leaves. A significant number of citrus-related papers are available; however, most of the results and conclusions concern the physiological responses of plants to a specific environmental factor obtained under controlled or semi-controlled conditions, such as drought, temperature and evaporative demand (Ahrens and Ingram, 1988; Vu and Yelenosky, 1989; Habermann et al., 2003a,b; Machado et al., 2005; Pimentel et al., 2004; Ribeiro et al., 2004; Souza et al., 2004; Guo et al., 2006) .
Significant efforts have been made to clarify the physiological responses of citrus plants to water deficit, high temperature and high irradiance conditions (Vu and Yelenosky, 1988a,b; Brakke and Allen Jr., 1995; Savé et al., 1995; Machado et al., 1999; Medina et al., 2002; Jifon and Syvertsen, 2003; Raveh et al., 2003; Ribeiro et al., 2004; Guo et al., 2006) . On the other hand, the influence of low temperature either in the soil or air has been largely placed aside, and only a few reports are available concerning the influence of this important environmental constraint on citrus physiology (Syvertsen et al., 1983; Vu and Yelenosky, 1987; Ribeiro, 2006) . Systematic experimentation with field-grown citrus plants is needed to uncover ecophysiological patterns under natural conditions; however, studies of this kind are not widespread in Brazil (Ribeiro, 2006; Machado et al., 2007) .
Regarding plant metabolism, photosynthesis is an important process that may be addressed from an ecophysiological point of view, since the early photochemical events are driven by light availability while the final product (carbohydrate) is a key element in the source-sink relationship. In citrus trees growing in a subtropical climate, both seasonal drought and low temperatures affect photosynthetic activity during the winter season, whereas high temperatures and high evaporative demands are the most limiting factors during the summer season (Ribeiro et al., 2005a; 2006a; Ribeiro, 2006) . In such conditions, high light availability may also be an overabundant resource that may affect the photochemical reactions, since the original habitat of citrus species is the shaded environment of the forest understorey (Syvertsen and Lloyd, 1994; Davies and Albrigo, 1994; Spiegel-Roy and Goldschmidt, 1996) . With regard to the interaction between photosynthesis and carbohydrate content, an inhibitory effect of high levels of leaf carbohydrate on the photosynthetic rates of citrus leaves has been suggested (Iglesias et al., 2002) , revealing the source-sink relationship in citrus trees as an important ecophysiological theme.
In this review we shall re-visit and discuss the current knowledge concerning the ecophysiology of citrus trees under the Brazilian subtropical conditions, focusing on the interaction between environment and photosynthesis, the primary source of energy and carbon for plant growth and development.
PHOTOCHEMISTRY OF FIELD-GROWN PLANTS
Despite the limited data concerning chlorophyll fluorescence of citrus leaves under field conditions, some evidence has suggested that citrus plants are well acclimated or have a good potential for acclimation to the radiation regimes of subtropical climates (Syvertsen, 1984; Syvertsen and Smith, 1984) . Firstly, a lack of chronic photoinhibition has been reported in sweet orange plants in areas with distinct environmental conditions (Machado CITRUS ECOPHYSIOLOGY: PHOTOSYNTHESIS RE-VISITED et al., 2006; Ribeiro, 2006) . Secondly, citrus leaves may potentially dissipate excessive light energy by nonphotochemical processes (Blanke, 2000; Ribeiro, 2006) . Citrus plants have large or small seasonal variation of the potential quantum efficiency of PSII (as assessed by the variable-to-maximum chlorophyll fluorescence ratio, F v /F m ), depending on the environmental conditions of the growing regions ( Figure 1 ). In general, sweet orange plants exhibit the lowest F v /F m values during the summer season, found normally at midday and early afternoon (Figure 1B, D) . Reduction of F v /F m to values below 0.725 suggests the occurrence of photoinhibition (Critchley, 1998) , as found in citrus plants (Veste et al., 2000; Jifon and Syvertsen, 2003; Machado et al., 2006; Ribeiro, 2006) . In fact, photoinhibition observed in citrus is a protective mechanism, reducing energetic pressure at PSII level and avoiding photodamage and consequent photooxidation. This photoprotective nature of photoinhibition, referred to as dynamic photoinhibition by Osmond (1994) , is indicated by the rapid recovery of F v /F m when the photosynthetic photon flux density (PPFD) decreases, a physiological feature that is observed under both field and greenhouse conditions (Blanke, 2000; Medina et al., 2002; Jifon and Syvertsen, 2003; Machado et al., 2006; Ribeiro, 2006) . Higher dynamic photoinhibition can be observed in warmer regions during the summer season ( Figure 1 ) when high radiation load and high air temperature occur, particularly at midday.
Photoinhibition of citrus is also a consequence of the low-light saturation of photosynthesis (Vu et al., 1986; Figure 1 . Diurnal variations of photosynthetic photon flux density (PPFD, A,C), potential quantum efficiency of photosystem II (F v /F m , left axis in B,D), and relative photoinhibition (rigth axis in B,D) in sun-exposed leaves of sweet orange trees grown under natural conditions in Cordeirópolis (A,B) and Bebedouro (C,D), southeastern Brazil. Each point is the mean value of five replications (± SE for F v /F m ). Evaluations were made during a clear day of the summer season. Redrawn from Ribeiro (2006) and Machado et al. (unpublished data) . Habermann et al., 2003a; Ribeiro et al., 2003a; Machado et al., 2005; Ribeiro et al., 2006b) . Most light energy intercepted by leaves but not used in photochemistry (generation of ATP and NADPH) is dissipated in nonphotochemical reactions, such as heat generation at the PSII level (Demmig-Adams and Adams, 1996; Horton et al., 1996; Ort, 2001) . Excessive light energy at PSII is commonly attained under subtropical conditions, where daily-integrated global solar radiation may reach values around 35 MJ m -2 d -1 during the summer season (Ribeiro et al., 2005a) . As observed in other species, citrus shows a significant and progressive reduction in the effective quantum efficiency of PSII (F q '/F m ') as PPFD increases up to ca. 750 µmol m -2 s -1 ( Figure 2A) and Medina et al., 2002. This response reflects the closing of PSII reaction centers and is directly related to electron flow between PSII and PSI (Maxwell and Johnson, 2000) , that is, apparent electron transport rate, ETR ( Figure 2B ). At PPFD above 1000 µmol m -2 s -1 , F q '/F m ' does not show significant alteration ( Figure 2B ) and the relative light energy excess reaches the maximum values (Ribeiro, 2006) , as given by the relation between F v /F m and F q '/F m ' (see Bilger et al., 1995) . The rapid response of F q '/F m ' to PPFD changes can be considered as an adaptive mechanism that maintains reasonable light energy pressure at the PSII level either under high (low F q '/F m ') or low (high F q '/F m ') light conditions. The non-photochemical quenching of chlorophyll fluorescence (NPQ) is an essential mechanism for plant protection against excessive light energy (Horton et al., 1996; Ort, 2001; Ribeiro et al., 2003b) . The NPQ is closely related to the ∆pH formation across the thylakoid membrane and to the xanthophyll cycle activity, having an important role in photoprotection during environmental stresses (Horton et al., 1996) such as high temperature in citrus leaves (Guo et al., 2006) . Citrus plants exhibit a linear increase of NPQ with increasing relative light energy excess at the PSII level, regardless of additional abiotic or biotic stresses (Ribeiro et al., 2003b) . Alternative electron sinks are also an important mechanism to deal with excess light energy in citrus (Ribeiro et al., 2003a; 2004; Guo et al., 2006) . Photorespiration, water-water cycle, nitrogen and sulphur metabolism are physiological processes that use photochemical products and then indirectly protect leaf tissues from photodamage (Osmond and Grace, 1995; Guo et al., 2006; Baker et al., 2007) . The photochemical performance of citrus under field conditions is poorly understood, especially if we consider the seasonal variation of related physiological processes. However, we assume that photochemical activity does not limit CO 2 assimilation in plants grown under subtropical conditions, since there is sufficient ETR to support the photosynthetic rates during the winter season and leaves do not exhibit chronic photoinhibition during the annual cycle (Ribeiro, 2006) .
Light exposure of citrus leaves is another important aspect regarding energy availability and photochemistry.
Figure 2.
The effective quantum efficiency of photosystem II (F q '/F m ', A) and the apparent electron transport rate (ETR, B) as affected by the photosynthetic photon flux density (PPFD) in sun-exposed leaves of fieldgrown sweet orange trees in Cordeirópolis, southeastern Brazil. Each point is the mean value of five replications ± SE. Evaluations were performed between September 2004 and August 2005, under natural conditions. Redrawn from Ribeiro (2006) . Most studies under field or controlled conditions address sun-exposed leaves of the citrus canopy, which represent around 20% of the total leaf area in a crosssection of an orange tree canopy (Cohen and Fuchs, 1987) . The internal canopy layer does not receive more than 10% of the total PPFD available at the external canopy layer (Greene and Gerber, 1967; Davies and Albrigo, 1994) . In this context, there is a large leaf area that is not subjected to excessive light energy and may be a source of carbon and energy for plant growth and development. While excess light energy is present at the external canopy layer, the PPFD at deep layers is probably higher than the light compensation point and promotes low CO 2 assimilation (Davies and Albrigo, 1994) . Shaded citrus leaves have potential for acclimation to low PPFD, showing increased chlorophyll content and consequently increased light-absorption efficiency (Syvertsen and Smith, 1984) .
Environmental stresses that cause dysfunction in CO 2 assimilation and hence decreased ATP and NADPH consumption may potentially affect plant photochemistry (Schreiber and Bilger, 1987; Baker and Rosenqvist, 2004) . Even low PPFD can represent excessive light energy at the PSII level under stressful conditions (Demmig-Adams and Adams, 1996; Horton et al., 1996; Ort, 2001) . However, photochemical events are relatively tolerant to water deficit and high temperature, being commonly down-regulated under such conditions by reduced CO 2 assimilation (Schreiber and Bilger, 1987) . Although high temperatures are responsible for significant inhibition of photochemical activity (Schreiber and Bilger, 1987; Georgieva, 1999; Guo et al., 2006) , this environmental factor is probably not limiting for citrus leaves under subtropical conditions. In fact, tropical species have a critical temperature for photochemical damage that is close to 46 o C (Smillie and Nott, 1979) whereas citrus leaves reach maximum temperatures of around 42 o C during the summer season (Machado et al., unpublished data; Ribeiro et al., 2005a) . In addition, citrus plants may potentially acclimate to varying growth temperature, showing small decreases in photochemical performance at high temperature (up to 40 o C) under warmer conditions 2006b) . Therefore, the negative effects of high temperature on citrus photosynthesis are probably due to diffusive and/or to biochemical limitations.
SEASONAL CHANGES IN SHOOT WATER POTENTIAL AND STOMATAL CONDUC-TANCE
Plant physiological variables such as leaf or stem water potential, stomatal conductance or resistance and leaf or canopy transpiration have been often studied in citrus plants under natural conditions (Cohen et al., 1997; Machado et al., 2002; 2007; Raveh et al., 2003; Angelocci et al., 2004; Rana et al., 2005; Silva et al., 2005; Ribeiro, 2006; Hu et al., 2007; Oguntunde et al., 2007) . According to Syvertsen and Lloyd (1994) , variations in plant water relations are the principal plant responses to their surrounding and changing environment. Since shoot water status can regulate stomatal aperture, leaf water relations are deeply related to gas exchanges since the former affects the influx of CO 2 to the mesophyll as well as leaf transpiration, a well-known cooling processes (Nobel, 1999) .
Under subtropical conditions, temperature and water availability are the most important environmental elements affecting citrus water relations. Light energy availability is not directly considered as an environmental constraint since stomatal aperture is maximal at relatively low PPFD (Cohen and Cohen, 1983; Vu et al., 1986; Machado et al., 2005) . However, stomatal conductance significantly fluctuates over the seasons for a same PPFD, even in well-hydrated plants (Figure 3 ). This finding suggests that other environmental factors are limiting stomatal aperture during the winter season, such as low temperature Moreshet and Green, 1984) . The influence of light availability on stomatal behavior is also indirect via changes in thermal regimes at the leaf level, determining the leaf-to-air vapor pressure difference (VPDL).
In subtropical climates, citrus plants exhibit higher stem water potential during the summer rainy season; in contrast, significant reduction in stem water potential is found in the winter dry season (Figure 4 ). In addition, leaf or stem water potential has a significant daily variation, reaching the lowest values during the afternoon ( Figure  4C ; Syvertsen and Albrigo, 1980a,b; Syvertsen et al., 1981; Moreshet and Green, 1984; González-Altozano and Castel, 1999) . As transpiration is higher than water uptake, an imbalance is generated in the water continuum through the plant body and then the R.V. RIBEIRO and E.C. MACHADO shoot water potential is reduced in the afternoon, even in well-irrigated plants. During the wet period, the higher the diurnal transpiration rates the lower will be the minimum (measured at 1400 h) stem water potential, as found in 'Valencia' orange trees ( Figure 5A ). This pattern suggests that water availability allows transpiration of citrus plants and then stem water potential is decreased as a consequence. On the other hand, transpiration correlates better with pre-dawn stem water potential during the dry season (autumn-winter), indicating that citrus plants achieve higher diurnal transpiration as they are less affected by water deficit ( Figure 5B ). In 'Tahiti' lime trees subjected to water deficit, midday and predawn leaf water potential differed by 10% and 40%, respectively, when comparing irrigated and non-irrigated plants (Silva et al., 2005) . Therefore, pre-dawn leaf or stem water potential is more appropriated to describe the watering treatment effects on citrus plants under natural conditions.
Medina et al. (2005) have suggested that citrus plants follow an anysohydric pattern, which is characterized by (i) a significant decrease in leaf water potential over the course of the day due to the evaporative demand and by (ii) lower leaf water potential in drought-stressed plants when compared with well-watered individuals (Tardieu and Simonneau, 1998) . Accordingly, field-grown citrus trees showed significant diurnal reduction in stem water potential during the winter season, when non-irrigated plants exhibited lower stem water potential than irrigated plants regardless of daytime (Ribeiro, 2006) . Diurnal reductions in leaf or stem water potential between -1.2 and -1.8 MPa in citrus plants during the winter have been registered, depending on the growing Figure 5 . Diurnal-integrated leaf transpiration as function of the stem water potential measured at 1400 h during the spring-summer seasons (A) or at pre-dawn during the autumn-winter seasons (B) in sun-exposed leaves of sweet orange trees under natural conditions in Cordeirópolis, southeastern Brazil. Each point is the mean value of five replications ± SE. Redrawn from Ribeiro (2006) . region (Habermann, 2004; Ribeiro, 2006; Machado et al., 2007) . Over the course of the year, stem water potential varied from -0.20 (at pre-dawn) to -1.75 MPa (at 1400 h) in irrigated plants, reaching -2.30 MPa in non-irrigated plants (Ribeiro, 2006; Machado et al., 2007) . In regions with high evaporative demand and thermal regimes, leaf abscission in citrus plants was noticed when predawn leaf water potentials were around -2.75 ± 0.07 MPa (Pires et al., unpublished data) . Predawn stem water potentials lower than -0.7 MPa have been found in field-grown citrus plants during the winter season (Ribeiro, 2006) , a sufficient value to impair leaf gas exchange of 'Tahiti' lime trees under field conditions (Silva et al., 2005) .
There is appreciable stomatal closure even in irrigated plants with high stem water potential during the winter (Ribeiro, 2006) , which reveals that the general assumption that seasonal and diurnal patterns of stomatal aperture are coupled to the variations of the leaf/ stem water potential (leaf turgor) may be an oversimplification. In fact, stomata can be considered as a multi-sensorial organ, sensing changes in both environmental and physiological factors (Zeiger et al., 1987) . High stomatal conductance is commonly reported in leaves with high water potential; as the latter decreases during the diurnal cycle the stomatal aperture also reduces. As a result, the highest stomatal conductances are found around mid-morning (between 0900 and 1030 h) under subtropical conditions, regardless of the season (Machado et al., 2002 (Machado et al., , 2006 Ribeiro, 2006) . During a clear day, increases in transpiration in response to the air evaporative demand causes reduction in leaf/stem water potential, which in turn decreases stomatal conductance, a feedback stomatal response (Cohen and Cohen, 1983; Syvertsen and Lloyd, 1994; Nobel, 1999) . The feedforward stomatal response in citrus is not commonly noticed under controlled conditions; however, this response was observed under high evaporative demand (VPDL ~ 4.5 kPa) in field-grown plants during the summer (Ribeiro, 2006) , when a halving in stomatal conductance caused a decrease in leaf transpiration (~ 43%) in plants with stem water potential relatively high (around -1.25 MPa at 1400 h). Recently, Hu et al. (2007) also reported a feedforward response in citrus plants under field conditions.
At early morning and late evening, light availability seems to be the principal regulatory element affecting (Ribeiro et al., unpublished data) . Even in well-irrigated plants, stomata tend to close at VPDL above 1.5 kPa ( Figure 6 ; see also Habermann et al., 2003b; Jifon and Syvertsen, 2003; Machado et al., 2005) . For temperature, there seems to be an optimum temperature range rather than a single optimum point for maximum stomatal aperture in citrus leaves (Syvertsen and Lloyd, 1994; Machado et al., 2005) . In any case, stomata sensitivity to temperature is low between 25 and 40 o C (Machado et al., 2005) but outside this range [it should be noted that fluctuations in leaf temperatures between 15 (winter) and 42 o C (summer) in field-grown orange trees have been found under the subtropical Brazilian conditions (Ribeiro et al., 2005a; Machado et al., unpublished data) ], stomata aperture is probably affected, as occurs during the winter season. In fact, there is sufficient evidence that low night temperature and low soil temperature play an important role in the stomatal mechanism in citrus plants under natural conditions Moreshet and Green, 1984; Lloyd and Howie, 1989 Leaf-to-air vapor pressure difference (kPa)
2004; Ribeiro, 2006) . Although diurnal environmental conditions were not limiting for maximum stomatal aperture during the winter season (Ribeiro, 2006) , maximum stomatal conductance in irrigated 'Valencia' citrus trees was about 65% lower in winter than in spring, i.e. ~ 0.08 against ~ 0.22 mol m -2 s -1 (Table 1) . Low stomatal conductance during winter season may be induced by hydraulic and/or chemical signals. Regarding hydraulic signals as those referred to changes in shoot water potential, it is known that low soil temperature causes reduction in both water uptake by citrus roots due to decreases in root permeability and root and tree hydraulic conductivity (Syvertsen et al., 1983; Moreshet and Green, 1984) . Changes in pH and ions of the xylem sap (Wan et al., 2004) , reductions in leaf concentration of cytokinins (Veselova et al., 2005) and increases in ABA content (Davies and Zhang, 1991; Tardieu and Simonneau, 1998; Gomes et al., 2003) have been invoked as potential chemical signals affecting stomatal aperture. However, this topic should be further studied in citrus plants under field conditions to clarify how low temperature and water deficit change the citrus water relations and stomatal conductance during the winter season. In general, low stomatal conductance affects photosynthetic rates by decreasing CO 2 availability at the mesophyll and carboxylation sites. Anyway, as stomatal conductance is low even under high stem water potential (> -1.5 MPa at 1400 h) during the winter season (Ribeiro, 2006) , we Table 1 . Seasonal variation of environmental elements, the maximum diurnal stomatal conductance (g max ) and predawn stem water potential (Ψ pd ) in exposed leaves of irrigated 'Valencia' orange trees grown in Cordeirópolis, southeastern Brazil. Measurements were made in winter (August) and spring (November). n = 5 ± SE. Adapted from Ribeiro (2006) .
Variables Season Winter
Springer Leaf-to-air vapor pressure 0.86 ± 0.02 2.05 ± 0.07 difference (kPa) Leaf temperature ( o C)
22.9 ± 0.20 33.3 ± 0.20 Photosynthetic photon flux 930 1800 density (µmol m -2 s -1 ) Minimum air temperature ( o C) 13.50 18.20 g max (mol m -2 s -1 ) 0.081 ± 0.010 0.217 ± 0.021 Ψ pd (MPa) -0.33 ± 0.02 -0.22 ± 0.01 An important aspect to be considered in seasonal changes of plant water relations is the influence of rootstocks, which have different physiological characteristics and cause significant differences in shoot hydration (Eissenstat, 1991; Syvertsen and Lloyd, 1994; Medina et al., 1998; Barry et al., 2004; Cerqueira et al., 2004) . Therefore, rootstocks may differentially affect citrus sensitivity to varying environmental conditions. For example, efficient scion/rootstock combinations may improve the water-use efficiency of citrus plants (relationship between photosynthesis and transpiration) (Khairi and Hall, 1976; Brakke and Allen Jr., 1995; Medina et al., 1999; Machado et al., 2002; and thus their adaptive responses to drought stress, which is a current matter for the rational use of water in agriculture. In general, plants should show increases in water-use efficiency at early drought stages since a reduction in stomatal conductance affects transpiration to a greater extent than photosynthesis (Nobel, 1999) . However, since significant reductions in water-use efficiency have been noticed in field-grown citrus plants during the winter season, even in irrigated plants (Ribeiro, 2006) , it may be suggested that (i) photosynthesis may be more affected than transpiration and (ii) environmental factors other than water availability may be more directly involved in the regulation of leaf gas exchange in citrus. This response pattern of water-use efficiency often differs in warmer regions, where severe seasonal drought and relatively high temperatures are common during the winter .
SEASONAL VARIATION IN LEAF CO 2 ASSIMILATION
As an evergreen species with C 3 photosynthetic metabolism, citrus trees show low photosynthetic rates under natural conditions, with maximum values around 13 µmol m -2 s -1 being found during the spring season ( Figure  7B) . The low CO 2 assimilation in citrus leaves is probably a consequence of low CO 2 partial pressure at the carboxylation sites, this being about 8 Pa lower than the intercellular CO 2 concentration (Lloyd et al., 1992) . Syvertsen and Lloyd (1994) and Spiegel-Roy and have reported maximum photosynthetic rates ranging from 8 to 12 µmol m -2 s -1 . Such differences are probably related to the environmental conditions of growing regions, mainly temperature affecting biochemistry and evaporative demand, which in turn affects stomatal conductance. Larger rates of photosynthesis may be expected in subtropical climates with adequate water availability (to support transpiration) and with a reasonable temperature range to sustain photosynthesis during most of the year. The diurnal-integrated leaf CO 2 assimilation is a physiological variable that permits more adequate evaluation of how environment affects citrus trees. This assumption is based on the fact that the total CO 2 gain throughout the diurnal period can integrate the influence of any environmental constraint occurring during the daytime on leaf photosynthesis. In fact, Machado et al. (2007) verified significant differences between CO 2 assimilation of healthy and diseased citrus trees under field conditions when using this approach. In addition, the seasonal variation of citrus photosynthesis is more accentuated and evident when evaluating the diurnalintegrated values (Figure 7) . As observed with the maximum photosynthetic rates, maximum diurnalintegrated values were also found during the spring season, reaching around 320 mmol CO 2 m -2 d -1 in sunexposed leaves ( Figure 7B ). During the annual cycle, higher photosynthesis is observed during the spring season followed by the summer and then by the winter season (Figure 7 ).
An important point is that these maximum photosynthetic rates are commonly measured in sunexposed leaves and thus they may not be directly related to plant performance since most portions of canopy leaves are not sun-exposed, as discussed previously. Plant canopy position is also relevant in relation to photosynthetic rates since canopy layers may be subjected to different environmental conditions (Angelocci et al., 2004; Ribeiro et al., 2005a) . For example, in a north-south-oriented citrus orchard, the east canopy position received direct solar radiation during the morning when VPDL and leaf temperature were low; in contrast, the west position received direct solar radiation during the afternoon when VPDL and leaf temperature were high (Ribeiro et al., 2005a) . Therefore, as expected, the east position exhibits higher photosynthesis than the west position, regardless of water availability and R.V. RIBEIRO and E.C. MACHADO seasons ( Table 2 ). In addition, irrigation was more effective in increasing photosynthesis in leaves of the west canopy position and in decreasing the differences between canopy faces (Table 2) . Ecophysiological instrumentation to measure entire citrus canopy gas exchange is desired and necessary to reveal the whole canopy photosynthetic patterns related to crop production.
After discussing some aspects related to photochemical and diffusive regulation of photosynthesis, we will focus on the other environmental factors that constrain the biochemical activity of citrus trees under natural conditions. Under field conditions, temperature frequently imposes limitation to CO 2 fixation to a greater degree than PPFD availability. In fact, the photosynthetic enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) is saturated and shows around 90% of its activation under a PPFD close to 1000 µmol m -2 s -1 (Vu, 1999) . In warmer regions where leaf temperature reaches values above 35 o C, the carboxylase activity of the Rubisco is probably reduced by increases in the photorespiration, i.e. oxygenase activity (Berry and Björkman, 1980; Hällgren et al., 1991) . Under high temperatures, the relative solubility between CO 2 and O 2 is altered due to a higher decrease in CO 2 solubility, which reduces the CO 2 partial pressure at the Rubisco sites and thereby favors the oxygenase activity (Berry and Björkman, 1980; Jordan and Ogren, 1984) . Non-stomatal limitation plays an important role in reducing citrus photosynthesis at leaf temperatures above 40 o C, with a relative importance overcoming the stomatal limitation (Jifon and Syvertsen, 2003; Syvertsen et al., 2003; Hu et al., 2007) . On the other hand, low night temperatures may also affect the photosynthetic activity through modifications in photochemical activity, inhibition of CO 2 carboxylation, changes in stomatal control of leaf gas exchange and impairment of carbohydrate metabolism (Allen et al., 2000; Allen and Ort, 2001) . Therefore, the negative effects of high temperature are expected during the summer season, whereas the low temperature influence is likely during the winter season. Vu (1999) reported that low temperatures caused biochemical impairment due to decreases in the carboxylation activity of Rubisco or to changes in the expression of genes related to the carbon metabolism in citrus plants. In fact, the maximum rate of Rubisco carboxylation (V c,max ) was significantly reduced during , A) , the global solar radiation (Q G , A), maximum leaf CO 2 assimilation (A max , B) and diurnalintegrated leaf CO 2 assimilation (A I , B) in sun-exposed leaves of field-grown sweet orange trees in Cordeirópolis, southeastern Brazil. In B, each symbol bar is the mean value of ten replications ± SE. Redrawn from Ribeiro (2006) . Table 2 . Seasonal variation of diurnal-integrated CO 2 assimilation (mmol m -2 d -1 ) in exposed leaves of 'Valencia' orange trees as affected by irrigation and canopy position, in Cordeirópolis, southeastern Brazil. Measurements were made in winter (July) and summer (December). n = 5 ± SE. Adapted from Ribeiro (2006 (Table 3 ). The maximum rate of electron transport driving RuBP regeneration (J max ) was also reduced during the winter (Table 3 ). There are a few reports concerning these biochemical variables in citrus species (Vu and Yelenosky, 1988a,b; Lloyd et al., 1992; Syvertsen and Lloyd, 1994) , mainly under natural conditions. In these reports, V c,max varied from 50 to 120 µmol m -2 s -1 and J max reached 140 µmol m -2 s -1 . During the winter season, the decrease in V c,max was higher than in J max in citrus leaves under natural conditions, which causes an increase in the J max :V c,max ratio (around 3.0) and represents an imbalance between both biochemical processes (Table 3) . On the other hand, Ribeiro et al. (2005a) and Ribeiro (unpublished data) were unable to detect biochemical impairment of photosynthesis during the summer season in citrus plants; they showed that reduction of CO 2 assimilation was primarily caused by stomatal effects in a subtropical area with maximum midday temperatures between 30 and 35 o C. In warmer regions, however, higher temperature is likely to directly impair CO 2 assimilation in exposed citrus leaves. It is noteworthy that evergreen species like citrus may potentially acclimate their photosynthetic apparatus to increasing growth temperature. Some evidence for this was reported by Ribeiro et al. (2004) , who showed significant changes in leaf gas exchange and photochemical performance when changing growth temperature from 25/20 o C to 35/20 o C (day/night). Such photosynthetic acclimation was also suggested by Syvertsen and Lloyd (1994) and Ribeiro et al. (2006b) . In addition, Veste et al. (2000) reported photochemical adaptation in citrus plants subjected to extreme high temperatures under field conditions. These adaptive responses may include changes in chloroplast membrane properties leading to thermal stability as well as increases in stability of photosynthetic enzymes under high temperature (Berry and Björkman, 1980) . Severe heat injury in citrus leaves is unlikely to occur under natural conditions in subtropical climates since the lethal temperatures are around 55 o C (Ahrens and Ingram, 1988) . Maximum leaf temperatures noticed in field-grown citrus trees were around 36ºC in Florida State, USA (Ahrens and Ingram, 1988) and 42ºC in São Paulo State, Brazil (Ribeiro et al., 2005a; Machado et al., unpublished data) . Although these temperatures were not lethal for citrus leaves, significant negative effects are expected in leaf CO 2 gain at temperatures higher than 30 o C (Khairi and Hall, 1976; Ribeiro et al., 2004; Machado et al., 2005; Guo et al., 2006) , mainly due to increases in photorespiration. During midday, the difference between leaf and air temperature may reach values greater than 5 o C during the summer season (Syvertsen and Albrigo, 1980b; Ribeiro et al., 2005a) , suggesting that the cooling capacity of transpiration was insufficient or was reduced by stomatal closure.
During the winter season, drought may impair photosynthesis of citrus trees due to the partial inactivation of Rubisco as well as reduction in Rubisco amount (Vu and Yelenosky, 1988a,b) . The biochemical limitation of photosynthesis during stressful conditions such as water deficit is suggested to cause reduction in leaf carbohydrate (starch and sucrose) contents (Vu and Yelenosky, 1989) , which can potentially decrease plant growth and crop production. Even in a growing area with moderate seasonal drought, significant reduction in leaf carbohydrate (starch and reducing sugars) content was observed in field-grown citrus trees during the winter season (Ribeiro, 2006) . Such drought influence is R.V. RIBEIRO and E.C. MACHADO probably more severe in warmer regions, where the accumulated water deficiency during the winter season is commonly above 130 mm (Ciiagro, 2007) . The diurnalintegrated CO 2 assimilation of citrus trees grown in areas with contrasting environmental characteristics can reveal significant differences in seasonal susceptibility of photosynthetic activity to a specific environmental constraint (Table 4 ). It is important to mention that such responses represent concomitant stomatal and nonstomatal limitations to photosynthesis, as discussed previously.
INTERACTION BETWEEN CARBOHY-DRATE CONCENTRATION AND PHOTO-SYNTHESIS
Citrus growth and the presence of generative structures (buds, flowers and/or fruits) represent significant sinks of leaf reserves throughout the annual cycle (Bevington and Castle, 1985; García-Luis et al., 1988; Bustan and Goldschmidt, 1998) . Such reserves are essential for crop production in citrus orchards when photoassimilate synthesis is unable to supply the energetic and carbon demand during key developmental stages such as flowering and fruit set (Syvertsen and Lloyd, 1994; Goldschmidt and Koch, 1996; Bustan and Goldschmidt, 1998; Goldschmidt, 1999; Ruiz et al., 2001; Iglesias et al., 2003; Prado et al., 2007) . As Table 4 . Seasonal variation of the diurnal-integrated CO 2 assimilation (mmol m -2 d -1 ) in exposed leaves of sweet orange trees as affected by irrigation and two regions of southeastern Brazil. n = 5 ± SE. Accumulated water deficiency until the evaluation time was ~40 and ~230 mm in Cordeirópolis and Bebedouro, respectively. Summer and winter refer to measurements taken in December and July, respectively. Plants were irrigated with the equivalent to 100% of crop evapotranspiration. Adapted from Ribeiro (2006) and Machado et al. (2007) .
Season
Water Syvertsen and Lloyd (1994) , the year-to-year fluctuation in carbohydrate availability may be related to the alternate bearing in some citrus varieties. Although the root has an essential role as a reservoir of carbohydrates (Goldschmidt and Golomb, 1982; Goldschmidt and Koch, 1996; Li et al., 2003) , leaves also have significant carbohydrate contents (García-Luis et al., 1995; Ruiz et al., 2001; Iglesias et al., 2003; Syvertsen et al., 2003) . Considering the nonstructural carbohydrates (soluble sugars and starch), citrus leaves reached a total sugar content of around 275 mg g -1 just before the reproductive flush of the spring season under subtropical conditions. In this situation, starch was the main carbohydrate in citrus leaves, reaching almost 200 mg g -1 (Ribeiro, 2006) , representing the principal storage carbohydrate in citrus tree organs (Goldschmidt and Golomb, 1982; Goldschmidt and Koch, 1996) . Significant differences were noticed when comparing the seasonal dynamics of leaf carbohydrate contents in 'Valencia' orange trees grown under distinct environmental conditions (Jones and Steinacker, 1951; Ribeiro, 2006) . Whereas in California/USA (the Northern hemisphere) both starch and soluble sugar contents were minimal during the summer season (Jones and Steinacker, 1951) , under the Brazilian subtropical conditions citrus trees showed similar contents of total non-structural carbohydrates in the winter and summer seasons (Ribeiro, 2006) . However, the highest leaf carbohydrate contents in both growth conditions were found in early spring, just before the flowering/vegetative flush (Jones and Steinacker, 1951; Ribeiro, 2006) .
The lowest photosynthetic rates and, as a consequence, the lowest photoassimilate supply occur during the winter (Figure 7 ; Machado et al., 2002; Ribeiro, 2006) , when citrus plants have reduced metabolic activity with reduced carbohydrate consumption (Davenport, 1980; Syvertsen and Lloyd, 1994; Goldschmidt and Koch, 1996) . Under such conditions an increase in leaf carbohydrate content can be expected, this being a result of low sink demand rather than greater photoassimilate supply (Goldschmidt and Koch, 1996) . However, this CITRUS ECOPHYSIOLOGY: PHOTOSYNTHESIS RE-VISITED assumption was not found to be true for both young and mature 'Valencia' orange trees under natural conditions, since their leaf reserves during the winter were actually lower than or similar to those for the summer (Ribeiro et al., 2005b; Ribeiro, 2006) . A large decrease in leaf reserves is observed during the flowering/fruiting period, i.e. spring season, which is related to the high sink strength of developing flowers (Jones and Steinacker, 1951; García-Luis et al., 1988; Ruiz et al., 2001; Ribeiro, 2006; Prado et al., 2007) .
The continuous photosynthetic activity of citrus trees (Figure 7) enables the plants to accumulate leaf reserves during periods of low carbon and/or energetic demand (Goldschmidt and Koch, 1996) . However, an important aspect is that the carbon sink strength varies according to the fruit developmental stage (Huang et al., 1992) and citrus variety, with late ones (e.g. 'Valencia') showing stronger sinks during the winter as a consequence of the longer presence of fruit (Goldschmidt and Koch, 1996) . The vegetative growth also varies during the annual cycle, with appreciable alternation between shoot and root growth (Bevington and Castle, 1985) . As shoot growth during the winter season is negligible (Ribeiro, 2006) , we may hypothesize the occurrence of root growth under non-limiting conditions of soil temperature and water availability. Therefore, the sink strength produced by the presence of fruit and by root growth is probably related to the non-accumulation of leaf reserves during the winter season. It seems consensual that both vegetative and reproductive development drives the seasonality of sink strength in citrus trees under natural conditions. Accumulation of leaf reserves during periods of reduced sink demand can decrease photosynthetic activity (Nafziger and Koller, 1976; Azcón-Bieto, 1983; Foyer, 1988; Goldschmidt and Huber, 1992; Nakano et al., 2000; Paul and Pellny, 2003) . Some evidence has indirectly indicated that this inhibitory mechanism occurs in citrus leaves, as observed using girdled branches (Goldschmidt and Huber, 1992; Iglesias et al., 2002) , de-fruited trees (Iglesias et al., 2002; , shoot removal (Syvertsen, 1994; Iglesias et al., 2002) and from sugar-feeding studies (Iglesias et al., 2002) . In field-grown citrus plants, Iglesias et al. (2002) proposed that inhibition of photosynthesis was caused by increases in leaf carbohydrate content per se. Among the possible mechanisms of photosynthesis inhibition by carbohydrate content, we may speculate that this may involve a decrease in re-cycling of Pi to the chloroplast (Foyer, 1988) , decreases in ATP and NADPH consumption/production and reduced regeneration of RuBP (Azcón-Bieto, 1983) , impairment in expression of photosynthesis-related genes (Paul and Pellny, 2003) , changes in cycling of sucrose and hexose sugars (Goldschmidt and Huber, 1992; Nakano et al., 2000) , increased mesophyll resistance to CO 2 diffusion (Nafziger and Koller, 1976; Nakano et al., 2000) and damage to thylakoid structure and chlorophyll degradation under extreme carbohydrate accumulation (Schaffer et al., 1986) . However, Goldschmidt and Koch (1996) have pointed out that the control of citrus photosynthesis by sink demand is not clear under natural conditions. In addition, Syvertsen and Lloyd (1994) reported that it is not known if starch accumulates, both on a seasonal and daily basis, to a sufficient extent in citrus leaves to inhibit photosynthesis.
High photosynthesis in citrus leaves has been found to occur simultaneously with high leaf carbohydrate contents in plants under natural conditions (Figure 8 ), suggesting that the inhibitory effect of carbohydrate concentration on photosynthesis is not directly related to the amount of leaf carbohydrate per se. Probably, the photosynthesis of citrus plants is regulated by dynamic aspects of leaf carbohydrate rather than by the absolute carbohydrate content. The higher photosynthesis of citrus plants during the summer season was related to intense starch metabolism during the nocturnal period due to a great export of photoassimilate from the leaves (Table 5 ). In the summer season, total leaf area and photoassimilate export were five times higher than in the winter (Table 5) . Recently, Li et al. (2003) reported that the inhibition of the expression of genes related to carbohydrate metabolism was apparently related to the decreasing trend in sugar concentration rather than absolute sugar levels. Accordingly, Goldschmidt and Huber (1992) have suggested that the inhibition of photosynthesis by end-product accumulation is related to changes in soluble sugar metabolism. Citrus plants probably respond to changes in carbon availability through the 'acclimatory' responses that balance the carbon supply and demand to optimize the capacity for sustained sink demand as a conservative response (Smith Table 5 . Seasonal variation of diurnal-integrated CO 2 assimilation (A I ), total leaf carbohydrate concentration (TCC), nocturnal leaf starch consumption (NSC), daily exportation of photoassimilates (DEP), and total leaf area (LA) in young 'Valencia' orange irrigated trees under natural conditions, in Piracicaba, southeastern Brazil. A I , NSC and DEP refer to sun-exposed leaves. Summer and winter refer to measurements taken in February and July, respectively. Carbohydrates were assessed at 1400 h. n = 5 ± SE. Adapted from Ribeiro et al. (2005b) . 8 . The total (soluble + starch) carbohydrate content as a function of the diurnal-integrated CO 2 assimilation in sun-exposed leaves of field-grown sweet orange trees in Cordeirópolis, southeastern Brazil. Each circle is the mean value of five replications. Redrawn from Ribeiro (2006) . Samples for carbohydrate evaluations were collected around 1500 h, when the maximum leaf carbohydrate content is to be expected. Redrawn from Ribeiro et al. (2005b) .
and Stitt, 2007) . This is accomplished by regulating the partitioning of photoassimilates, starch degradation at night and plant growth in a changing environment, as occurs during the seasonal variation of in light and water availability, day length and temperature (Smith and Stitt, 2007) . Changes in sugar contents (sucrose and hexoses) affect the expression of several genes encoding enzymes of photosynthesis and carbohydrate metabolism (Smith et al., 2004) . Based on the above discussion, we may suggest that a large decrease of leaf carbohydrate content can stimulate the photosynthetic rate (source) during the onset of citrus flowering (sink), as found in both mature and young 'Valencia' orange trees under natural conditions (Ribeiro et al., 2005b; Ribeiro, 2006) . Therefore, the influence of daily changes in leaf carbohydrate content is likely to be more important to the source-sink relationship than the leaf carbohydrate concentration per se in citrus trees under natural conditions, i.e. without artificial modification of canopy and plant metabolism.
CURRENT AND FUTURE RESEARCH
The seasonal variation of citrus photosynthesis is evident and strongly regulated by the annual dynamics of environmental factors under subtropical conditions. With basic information about the response of citrus trees to their surrounding environment becoming available, the modeling of citrus photosynthesis can be improved for application in specific growing areas (Syvertsen and Lloyd, 1994) , where drought/low temperature and high temperature/high VPDL are the strongest environmental constraints during the winter and summer season, respectively. Currently, the limited comprehension of physiological mechanisms triggered by environmental constraints in field-grown citrus trees delays and even impedes the advance of models for predicting crop production and techniques for improving productivity of citrus orchards under subtropical conditions. As a stimulating question, we may ask what is the relative importance of low temperatures (in both soil and air) in relation to seasonal drought in the regulation of citrus photosynthesis under subtropical conditions? An additional question: how important is the understanding of water relations in field-grown citrus plants? Diurnal-integrated leaf CO assimilation (mmol m d )
CITRUS ECOPHYSIOLOGY: PHOTOSYNTHESIS RE-VISITED variation of water availability is essential in order to improve and generate effective strategies for maintaining reproductive/vegetative development and/or reducing negative impacts of seasonal drought on citrus transpiration and photosynthesis. As an example, the irrigation management for increasing citrus flowering and thus fruit production based on shoot water potential has been studied under field conditions (Pires et al., unpublished data). A general model for water management in citrus orchards is not a simple matter since (i) there are various citrus scion and rootstock combinations (Medina et al., 1998 (Medina et al., , 2005 Machado et al., 2002; Barry et al., 2004; Cerqueira et al., 2004) and (ii) the environmental conditions differ significantly among growing areas and show considerable year-to-year variation even in a same region (Ribeiro et al., 2006a) . Another relevant point is that citrus leaves have a distinct form of exposure to sunlight, which suggests sun-exposed leaves are likely to be more constrained by high VPDL and high temperature than leaves in deep layers of the plant canopy. In addition, a large number of leaves are not exposed to sunlight and probably have different photosynthetic characteristics when compared to exposed leaves. Therefore, one should consider the non-exposed leaves to evaluate citrus canopy photosynthesis and its relation to citrus production, which will probably improve photosynthesis models for field-grown citrus. In relation to the 'hidden' citrus canopy, the photosynthetic traits such as leaf gas exchange, photochemical reactions and carbohydrate dynamics are poorly understood in mature plants under subtropical conditions. Considering the leaf reserves, we believe that this topic should be addressed from a systemic point of view, with attention to the seasonal patterns of carbohydrate production/consumption and their influence on citrus photosynthesis under natural environmental conditions. Such studies should also consider the crop load and plant growth in 'on' and 'off' years, when significant changes can be expected in the annual carbohydrate dynamics in citrus organs (Goldschmidt and Golomb, 1982) .
In conclusion, the ecophysiology of citrus trees is a multi disciplinary task, in which only a cooperative effort among specialists of various areas, such as crop science and physiology, soil and irrigation sciences, agricultural meteorology and molecular biology, will improve our knowledge about the interaction of citrus plants with their surrounding environment under subtropical conditions.
